Background: Total hip arthroplasty (THA) is increasingly performed in younger patients despite the lack of comprehensive assessment of long-term outcomes. We systematically reviewed the contemporary literature to assess the 1) indications, 2) implant selection and long-term survivorship, 3) complication and reoperation rates and 4) radiographic and functional outcomes of primary THA in patients younger than 55 years.
T otal hip arthroplasty (THA) reliably decreases pain and improves function and quality of life in patients with advanced hip disease at up to [25] [26] [27] [28] [29] [30] years of follow-up. 1, 2 Despite early concerns over prosthetic longevity in patients with higher activity levels, improvements in implant design and surgical technique have led to increased demand for THA in younger, active patients. 3, 4 Kurtz and colleagues 3 reviewed the American National Inpatient Sample database from 2006 and reported the proportion of primary THA procedures performed annually in patients younger than 55 years to be about 21%, with a projected rise to 28% by 2030. This proportion is slightly lower outside the United States, with rates of 11.9%, 6.4% and 13.2% reported by the 2014 Canadian, 5 United Kingdom 6 and Australian 7 joint replacement registries, respectively.
Earlier studies showed high revision rates following Charnley low-friction arthroplasty in younger patients compared to older cohorts, [8] [9] [10] with the main modes of failure being aseptic loosening and wear-induced osteolysis. 11, 12 Inferior implant survival in younger patients has been attributed to higher activity levels as well as a higher proportion of patients with inflammatory arthritis and congenital hip disease as their preoperative diagnosis. 13 Despite these challenges, recent innovations including cementless fixation and alternative bearing surfaces have shown considerable promise in addressing many previous limitations of THA in younger patients.
Given these technological advances, we performed a systematic review of the contemporary literature with the aim of assessing the 1) indications, 2) implant selection and long-term survivorship, 3) rates of complication and reoperation and 4) radiographic and functional outcomes of primary THA in patients younger than 55 years of age.
Methods

Literature search and study selection
We performed a literature search according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Eligible studies were identified through a systematic search of MEDLINE and Embase databases from inception to April 2018. Database search terms included "total hip arthroplasty," "total hip replacement," "younger than 55," "younger than 50," "younger than 40," "younger than 30," "less than 55," "less than 50," "less than 40," "less than 30" and "young patient." We reviewed the bibliographies of all retrieved studies for relevant articles.
Two authors (X.Y.M. and Y.J.G.) independently screened the titles and abstracts of articles identified through the search strategy for eligibility. The predetermined inclusion criteria were 1) reporting of primary THA outcomes, 2) series of at least 20 patients, 3) mean follow-up of at least 10 years, 4) all patients younger than 55 years at the time of surgery and 5) reporting of implant selection and survivorship, complications and functional outcomes. Articles were restricted to those that were published in full and written in English. Studies were excluded if they 1) were published before 2000, 2) were conference abstracts, case reports, reviews or surgical technique articles, 3) did not adequately report implant selection and survivorship or 4) reported outcomes of hemiarthroplasty, hip resurfacing, metal-on-metal bearings or revision THA. When multiple studies reported on the same study population, the article with the longest follow-up duration was selected, and the other studies were removed. Studies that passed the initial title and abstract screening were reviewed in full with the use of the same eligibility criteria. Any disagreement between authors was resolved by consensus.
Data extraction and quality assessment
Two authors (X.Y.M. and Y.J.G.) independently extracted the relevant data from each study and recorded them in an Excel document. Data collected included study design and period; patient age, sex and body mass index; mean followup duration and proportion of patients lost to follow-up; preoperative diagnosis and surgical approach; and implant selection, type of fixation and bearing surface. Outcome measures included implant survivorship at 5 years, 10 years and final follow-up; rates of dislocation, deep infection, other complications and reoperation; radiographic assessment; and functional outcome scores. Disagreements between reviewers were resolved by consensus.
Two authors (X.Y.M. and Y.J.G.) independently assessed the methodological quality of eligible studies. The Cochrane Collaboration's tool for assessing risk of bias in randomized trials 14 was used for randomized controlled trials, and the Methodological Index for Non-Randomized Studies (MINORS) was used for nonrandomized studies. 15 Review Manager (RevMan) version 5.3 (Cochrane Collaboration) was used to construct the risk of bias summary. Any disagreement between reviewers was resolved by consensus. Agreement between reviewers on individual MINORS items was measured with the Cohen κ. 16 
Statistical analysis
We used descriptive statistics to summarize patient demographic characteristics, implant selection and outcome measures. We calculated weighted means for all interval and ratio data. Stratification by implant fixation was not performed owing to inconsistent reporting of outcomes and the small number of studies using cemented and hybrid fixation. A p value < 0.05 was considered statistically significant. We performed all statistical analysis using SPSS version 24.0 software (IBM Corp.).
Results
The initial search yielded 435 potentially relevant articles after exclusion of duplicates ( Fig. 1 ). After review of the titles and abstracts, 384 articles were excluded. Twenty-three additional articles were excluded after full-text review, leaving 32 articles eligible for inclusion in the systematic review. Full-text articles assessed for eligibility n = 55
Patient demographic characteristics
Studies included in quality assessment n = 32
Studies included in final review n = 32 Table 2 , with full details available in Appendix 1 (available at canjsurg.ca/013118-a1).
Surgical technique and implant selection
A variety of surgical approaches including anterolateral, posterolateral, posterior and transtrochanteric were used. Modular implants were used in 3001 hips (93.2%) and mono block implants in 218 (6.8%). Implant fixation was cementless in 2214 hips (68.8%), hybrid in 540 (16.8%) and cemented in 465 (14.4%). Among the 2399 cementless femoral stems described, the fixation design was metaphyseal-fitting in 1544 cases (64.4%), metaphyseal-diaphyseal-junction-fitting in 366 (15.3%), diaphyseal-fitting in 223 (9.3%) and screwed into the femoral canal in 137 (5.7%); the fixation design was not reported in 129 cases (5.4%). The bearing surface used was metal-on-conventional-polyethylene in 1792 hips (55.7%), ceramic-on-ceramic in 748 (23.2%), ceramic-onconventional-polyethylene in 530 (16.5%), metal-on-highlycross-linked polyethylene in 147 (4.6%) and ceramic-onhighly-cross-linked polyethylene in 2 (0.1%). The femoral head diameter ranged from 22 to 36 mm. Two studies reported use of acetabular autografts. 40, 43 Full surgical and implant details are presented in Appendix 1.
Implant survivorship, complications and reoperation
The 5-and 10-year revision-free implant survival rates were 98.7% (SD 1.5%, range 95%-100%) and 94.6% (SD 5.5%, range 78.1%-100%), respectively. In studies with mean follow-up beyond 10 years, reported revisionfree survival rates were 27%-99.5% (16 studies) at 10-14 years, 59%-84% (2 studies) at 15-19 years, 70%-77% (2 studies) at 20-24 years and 60% (1 study) at 25-30 years. Rates of dislocation, deep infection and reoperation for any reason were 2.4% (SD 2.5%, range 0%-10.9%), 1.2% (SD 1.5%, range 0%-7%) and 16.3% (SD 13.6%, range 0%-63.8%), respectively. Aseptic loosening was the most common reason for reoperation. A summary of implant survivorship and complications is presented in Table 2 , with full details available in Appendix 1. 
Radiographic assessment and functional outcome
Study quality
The level of evidence was I in 3 studies [17] [18] [19] and IV in 29 studies. The risk of bias summary for each included randomized trial and the interrater agreement for each MINORS item are presented in Table 3 and Table 4 , respectively. The overall risk of bias of the randomized trials was low. The majority of included case series were of low methodological quality. Agreement between the reviewers was considered satisfactory for all items. The mean MINORS global score was 11.0/16 (range 7-14).
discussion
We found that a large proportion of younger patients underwent THA for avascular necrosis and osteoarthritis secondary to congenital, developmental or traumatic anatomic abnormalities. This result is in keeping with the current literature. 49 These patients often present with major structural abnormalities such as proximal femoral deformity and femoral head collapse that increase the complexity of THA. Furthermore, patients who have undergone previous surgery may have retained hardware, extensive scar tissue, heterotopic ossification or limb length discrepancy that require a greater degree of preoperative planning than routine primary THA in older patients with osteoarthritis. 49 Although THA had historically been performed in younger patients for rheumatoid arthritis, only 8.3% of hips in our review had inflammatory arthritis of any kind as their preoperative diagnosis. The decreasing demand for THA in patients with inflammatory arthritis likely reflects advances in disease-modifying antirheumatic drugs, leading to improved management of these conditions. 50 The predominance of modular, cementless implants in our review is also consistent with current practice patterns in North America and Europe. Modular implants have gained substantial popularity as they allow surgeons to independently adjust offset, version and limb length both preoperatively and intraoperatively. 51 In addition, modular head and liner exchange can be a less invasive revision option in cases of instability and eccentric polyethylene wear with well-fixed femoral and acetabular components. 52 Although modularity is associated with risk of trunnion corrosion, adverse local tissue reactions and component fracture, the only modularity-related complications in our review were 4 cases of fractured ceramic liner.
The inconsistent survivorship of cemented implants in younger patients has led to a preference for cementless fixation in this population. 53, 54 We found that a variety of cementless femoral component designs were used, with metaphyseal-fitting stems being the most common. Metaphyseal-fitting stems are thought to not only increase proximal load transfer to reduce stress shielding and thigh pain, but also preserve diaphyseal bone for future revision, [55] [56] [57] thus making them a popular choice in younger patients, who are expected to outlive their implants. Success with metaphyseal-fitting stems has furthered interest in shorter stem designs for additional bone preservation. 18, 58 In a within-patient randomized trial, Kim and colleagues 18 reported the outcomes of 200 patients who underwent bilateral THA and were randomly allocated to receive conventional cementless stems in one hip and short cementless stems in the contralateral hip. Those authors found decreased stress shielding in the short stems but no difference in survivorship or functional outcome between the implants after a mean follow-up duration of 10.8 years.
The most commonly reported bearings in our review were metal-on-conventional-polyethylene, ceramic-on- ceramic and ceramic-on-conventional-polyethylene. This may be related to our inclusion of only studies with longterm follow-up. Although highly cross-linked polyethylene has been shown to improve wear rates compared to conventional polyethylene, 59, 60 long-term data showing a clear increase in clinical survivorship are not yet available. The superior wear resistance of ceramic-on-ceramic bearings offers potential reduction of wear-induced osteolysis in comparison to metal-on-conventionalpolyethylene bearings, although no study to date has shown a significant difference in reoperation rates. There have also been concerns over the risk of ceramic component fracture, chipping on insertion and squeaking. 61 The incidence of ceramic-related complications in our review was relatively low, with 4 cases (0.3%) of fractured ceramic liners and 5 cases (0.4%) of squeaking. Ceramicon-conventional-polyethylene bearings have also shown excellent wear resistance in the long term, 62, 63 although studies comparing these bearings with metal-onconventional-polyethylene bearings have shown mixed results. [64] [65] [66] [67] We excluded metal-on-metal bearings from our review owing to widespread concerns over increased metal ion levels and adverse local tissue reactions to metallic wear debris. The overall revision-free survival rate was 98.7% at 5 years and 94.6% at 10 years. These values are similar to those reported for THA in older patients. Mäkelä and colleagues 68 reviewed the Nordic Arthroplasty Registry for all primary THA procedures performed in patients older than 55 years between 1995 and 2011. Using the outcome of revision for any reason, they reported 10-year survivorship rates of 91.8%, 90.0% and 92.2% for cementless, hybrid and cemented components, respectively, in patients aged 55-64 years. Similarly, Hailer and colleagues 69 reviewed the Swedish Hip Arthroplasty Register from 1992 to 2007 and reported 10-year survivorship rates of 85% and 94% for cementless and cemented THA components, respectively. Survivorship beyond 10 years was inconsistently reported because the final follow-up periods varied greatly between studies. Therefore, we were able to present only the range of final survivorship rates reported in the included studies. This reflects the current paucity of studies with more than 15 years' follow-up, which is an inherent limitation of newer technology. Only 2 studies 26, 46 showed implant survivorship rates less than 75% at 10-15 years. Chiu and colleagues 26 reported acetabular component survivorship of 27% at 15 years in 47 Charnley low-friction arthroplasty procedures performed using early cementing techniques. They found inadequate cement mantle around 27 components (57%) that correlated strongly with subsequent aseptic loosening and emphasized the importance of good cementing technique. Wangen and colleagues 46 reported acetabular component survivorship of 51% at 13 years in 47 cement -less THA procedures using hydroxyapatite-coated hemispherical cups in patients younger than 30 years. They attributed the high rates of cup loosening to the tendency for dissolution and resorption of the hydroxyapatite coating on the acetabular side, which had been observed in previous studies. 70, 71 Rates of dislocation (2.4%) and deep infection (1.2%) in our review are comparable to values reported in large registry studies (1.9% and 1.3%, respectively). 72, 73 Rates of periprosthetic fracture were also relatively low in comparison to those in the literature (0.3% v. 1%), likely secondary to superior bone quality in younger patients. 74 The overall reoperation rate was high, at 16.3%, although many operations were late revisions for aseptic loosening more than 10 years after THA.
Radiographic evaluation of implant stability was performed with the DeLee and Charnley 75 and Gruen 76 systems for acetabular and femoral components, respectively. Progressive radiolucency was rarely reported, which minimized the risk of a large number of impending aseptic failures. Substantial improvements and high postoperative Harris Hip and Merle d'Aubigné scores suggest that most patients achieved satisfactory functional outcome.
Limitations
This study has several limitations. First, our review was restricted to English-language studies published after 1999 that had a mean follow-up duration of 10 years or more. Although having these strict inclusion criteria allowed us to focus on contemporary, long-term outcomes that are critical to counselling patients preoperatively, they may have resulted in exclusion of studies that contribute substantially to the literature on THA in younger patients. For instance, our minimum follow-up cut-off may have led to underrepresentation of highly crosslinked polyethylene in our study owing to its relative newness. Second, most of the included studies were small, retrospective case series of low methodological quality and were heterogeneous with respect to preoperative diagnosis, surgical technique and implant selection. This limited our ability to perform a meta-analysis and reflects the current lack of prospective, standardized, multicentre data in the orthopedic literature. Third, the paucity of studies with 15 years' follow-up limited our ability to draw conclusions about implant survivorship beyond 10 years. Finally, there was considerable variability in outcome reporting between studies. For instance, many studies did not differentiate between primary and secondary osteoarthritis. Moreover, 6 different clinical outcome scores were used among the included studies, with 11 studies reporting only postoperative scores. These inconsistencies not only limited statistical analysis but may also have led to misclassification bias.
conclusion
Our study provides important trends and data that should help surgeons counsel younger patients undergoing THA. The most common preoperative diagnoses appear to be avascular necrosis, osteoarthritis and developmental dysplasia of the hip. Modular, cementless implants with metal-onconventional-polyethylene bearings were used in most cases, with high survivorship seen at up to 10 years. Rates of dislocation and infection were comparable to those with THA in older patients, and good functional outcomes were routinely achieved. Future studies should aim to evaluate the outcome of THA in this population at 15-20 years' follow-up.
